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1.0 I n t r o d u c t i o n  
The fo rma t ion  o f  i c e  on engines and a i r f o i l s  o f  f i x e d  wing a i r c r a f t  and 
On f i x e d  h e l i c o p t e r  b lades can s e r i o u s l y  degrade t h e  s a f e t y  o f  an a i r c r a f t .  
w ing a i r c r a f t  i c e  depos i t s  adverse ly  a f f e c t  t h e  acrodynamic c h a r a c t e r i s t i c s  of 
engines and a i r f o i l s .  I c e  accumulation on h e l i c o p t e r  r o t o r  b lades i s  an 
e s p e c i a l l y  se r ious  problem. I n  a d d i t i o n  t h e  b lade can become unbalanced if 
t h e  i c e  sheds unevenly causing dangerous v i b r a t i o n .  Fur thermore i c e  shed f rom 
a i r c r a f t  sur faces  can f l y  i n t o  an engine and des t roy  some blades. 
T y p i c a l  i c e  a c c r e t i o n s  on an a i r f o i l  a re  shown on F igu re  1. I c e  
c o n d i t i o n s  were v a r i e d  t o  form an i c e  cap o f  c l e a r  g laze  i c e  (a ) ,  mixed g laze  
and r ime i c e  reg ions .  ( b )  and w h i t e  r i m  i c e  ( c ) .  Downstream of t h e  i c e  cap, 
separa te  i c e  f i n g e r  on g laze  o r  r ime i c e  form. Back l i g h t e d  photographs o f  
these i c e  c o n d i t i o n s  a re  shown i n  F igure  2. Rime i c e  forms as p a r t i a l l y  
s i n t e r e d  f i n g e r s  t h a t  grow u p - t r a j e c t o r y  as shown on F i g u r e  3. 
suspected t h a t  t h e  t e n s i l e  s t r e n g t h  pe rpend icu la r  t o  t h e  f i n g e r s  o f  r ime i c e  
i s  very  smal l .  
shed i c e  which v a r i e s  s i g n i f i c a n t l y  i n  mechanical p r o p e r t i e s .  
It i s  
A i r c r a f t  d e i c i n g  systems must obv ious l y  be ab le  t o  c l e a r l y  
Three bas i c  ca tegor ies  o f  d e i c i n g  systems are  used t o  de i ce  a i r c r a f t  o r  
o t h e r  s t r u c t u r e s :  mechanical systems, thermal  systems and chemical systems. 
Some mechanical systems used o r  considered f o r  a i  r c r a f t  a r e  l i s t e d  
below: 
1. Pneumatic boots  
2. E lec t ro - impu lse  ( E I D I )  
3. P i e z o e l e c t r i c  dev ices 
4. V i  b r a t o r y  dev ices 
I n  a l l  o f  these mechanical systems, the mechanics o f  d e i c i n g  a su r face  can be 
d i v i d e d  i n t o  two d i s t i n c t  phases: 
i c e .  A t  t imes,  t h e  i c e  w i l l  a l s o  crack from bending s t resses .  However, 
b reak ing  t h e  adhesive bond and shedding t h e  
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research  has shown t h a t  b reak ing  t h e  adhesive bond by p e e l i n g  o r  shear f o r c e s  
i s  t h e  dominant e f f e c t .  Aerodynamic f o r c e s  o r  i n e r t i a  forces a c t i n g  on t h e  
i c e  cause shedding. 
Recent research work a t  Ohio S t a t e  U n i v e r s i t y  measured t h e  p ressu re  
d i s t r i b u t i o n  a c t i n g  on s imu la ted  i c e  shapes a t tached  t o  t h e  l e a d i n g  edge of an 
a i r f o i l . ( l )  
U n i v e r s i t y  of Akron.(*) 
can be used t o  determine t y p i c a l  aerodynamic f o r c e s  a c t i n g  on t h e  impact i c e  of 
wing su r faces .  I c e  on r o t a t i n g  s u r f a c e  w i l l  shed by i n e r t i a  o r  G-forces, which 
a r e  g e n e r a l l y  much g r e a t e r  than aerodynamic forces.  
A d d i t i o n a l  a n a l y t i c a l  research work i s  be ing done a t  The 
From these research p r o j e c t s ,  p ressu re  d i s t r i b u t i o n s  
Because o f  a l l  o f  these v a r i a b l e s ,  a b a s i c  understanding o f  t h e  mechanics 
o f  adhesion and f r a c t u r e  of  i c e  i s  needed i n  o r d e r  t o  e f f e c t i v e l y  des ign 
d e i c i n g  systems, A more e f f e c t i v e  mechanical d e i c i n g  system would improve t h e  
s a f e t y  o f  smal l  f i x e d - w i n g  a i r c r a f t  and make r o t a r y  wing a i r c r a f t  more 
e f f e c t i v e  i n  co ld  c l ima tes .  Because o f  t h e  importance o f  t h e  adhesive bond, 
research e f f o r t s  have been concent r a t e d  on t h a t  problem area. Ice-phobi  c 
substances, which reduce the  adhesion between i c e  and t h e  base s u r f a c e  can be 
used w i t h  a l l  systems; however, mechanical systems use ice-phobics most o f ten.  
S ince ice-phobics l o s e  t h e i r  e f f e c t i v e n e s s  w i t h  each a c c r e t i o n ,  and i n  t h e  r a i n  
d e i c i n g  systems a re  u s u a l l y  designed assuming phobics are no t  p resen t .  
Thermal systems are a l s o  used t o  de i ce  a i r c r a f t .  I n  thermal  systems, t h e  
hea t  f rom t h e  deicer  me l t s  t h e  i c e  l a y e r  nex t  t o  t h e  a i r f o i l  s u r f a c e  which 
reduces adhesion. F i n a l  i c e  shedding i s  caused by aerodynamic o r  G-forces. 
Var ious thermal systems a re  a v a i l a b l e  such as e l e c t r i c  r e s i s t a n c e  hea te rs ,  h o t  
b l e e d  a i r  and hot c i r c u l a t e d  f l u i d .  
1 arye  a i  r c r a f t  because o f  t h e i  r h i g h  energy requ i  rements. 
v a r i a t i o n  o f  adhesive shear s t r e n g t h  w i t h  i c e / s u b s t r a t e  i n t e r f a c e  temperature 
These systems a re  u s u a l l y  employed i n  
Measurements of t h e  
2 
have been made i n  t h i s  i n v e s t i g a t i o n .  
2.0 D iscuss ion  o f  L i t e r a t u r e  
Some o f  t he  f i r s t  work on t h e  adhesion of i c e  t o  var ious  sur faces was done 
by Loughborough and h i s  co l leagues (3,4). Two methods were used t o  measure t h e  
shear  s t r e n g t h  o f  i c e :  a c e n t r i f u g a l  method and s p e c i a l  t o r s i o n a l  apparatus.  
The shear s t r e n g t h  o f  r e f r i g e r a t e d  ice  was found t o  reach 250 p s i .  
a r t i f i c i a l  i c e  t o  meta ls  and polymers was a l s o  s tud ied .  Adhesive shear 
s t r e n g t h s  v a r i e d  f rom 220 p s i  (aluminum) t o  124 p s i  (copper). Values t o  
v a r i o u s  polymers v a r i e d  f rom 150 p s i  t o  170 p s i .  I n  Reference ( 4 )  t h e  work o f  
adhesion was s tud ied .  
Adhesion o f  
J .  L. L a f o r t e ,  C. L. Phan, J. Druez and co l leagues a t  t h e  U n i v e r s i t e '  du 
Quebec a Ch icout im i  have s t u d i e d  t h e  adhesive s t r e n g t h  of r ime and g laze  impact 
i c e  on aluminum e l e c t r i c a l  power conductors cables (5,6,7). I n  t h i s  work, wind 
v e l o c i t i e s  were v a r i e d  f rom 4 m/sec (9 mph) t o  23 m/sec (51  mph). A 20 drop 
s i z e  w i t h  a 2.8 g/m3 l i q u i d  water content  was s p e c i f i e d  f o r  most s tud ies .  
Sur face  roughness was v a r i e d  f rom 1 t o  19 ~ r n  (40 t o  750 IJ i n ) .  The adhesive 
shear  s t r e n g t h  was shown t o  vary from 67 :<Pa (10 p s i )  t o  400 KPa (58 p s i ) ,  and 
inc reased  w i t h  bo th  v e l o c i t y  and sur face  roughness (5 ) ;  t h e  g rea tes t  v a r i a t i o n  
occu r red  w i t h  roughness. I c e  dens i t i es  o f  impact i c e  v a r i e d  from 0.91 g/m3 t o  
0.84 g/m3 and decreased w i t h  decreasing temperature (-5°C t o  -22OC). I n  e a r l i e r  
work (1976) adhesive shear s t r e n g t h  on t o  va r ious  substances i n c l u d i n g  polymers, 
me ta l s  and epoxy were measured. Wind v e l o c i t i e s  o f  10 m/sec (22 mph) and 20 
m/sec (45 mph) were developed. The mean drop s i z e  was 59 m. The adhesive 
shear  s t r e n g t h  inc reased w i t h  wind v e l o c i t y .  Resu l t s  f o r  hard r ime i c e  and 
g l a z e  i c e  were i n  genera l  s i m i l a r .  
I t a g a k i  and o the rs  s t u d i e d  t h e  adhesive s t r e n g t h  o f  i c e  us ing  a h i g h  speed 
c y l i n d r i c a l  aluminum r o t o r  (8, 9). Tip r o t o r  v e l o c i t i e s  up t o  316 mph were 
3 
ob ta ined .  Adhesive shear s t r e n g t h  and i c e  t e n s i l e  s t r e n g t h  were determined 
s i m u l t a n e o u s l y  by measuring t h e  t h i c k n e s s  o f  t h e  i c e  a c c r e t i o n  a t  f r a c t u r e .  
By assuming a un i fo rm i c e  a c c r e t i o n  and c e n t r i f u g a l  i n e r t i a l  l oad ing ,  formulas 
f o r  bo th  t h e  t e n s i l e  s t r e n g t h  and adhesive shear s t r e n g t h  as a f u n c t i o n  of i c e  
t h i c k n e s s  c o u l d  be der ived.  T e n s i l e  and adhesive shear s t r e n g t h  t o  2 KPa (0.3 
p s i )  and 110 KPa (16 p s i )  were determined r e s p e c t i v e l y .  
l ow  when compared t o  those o f  o t h e r  i n v e s t i g a t o r s .  Furthermore, t a b u l a t e d  
da ta  i n  t h e  repo r t  does n o t  seem c o n s i s t e n t .  
t e s t  apparatus and aerodynamic f o r c e s  may have c o n t r i b u t e d  t o  these 
d i f f i c u l t i e s .  Measurement made i n  Reference (9 ) ,  i c e  a c c r e t i o n  on c y l i n d r i c a l  
r o t o r s  f o r  some i c i n g  c o n d i t i o n s  was shown t o  vary w i t h  l e n g t h  and t o  reach a 
maximum va lue  about 2/3 a long  t h e  r a d i a l  dimension o f  t h e  r o t o r  and then, 
decrease i n  th i ckness  t o  t h e  end o f  t h e  r o t o r .  T h i s  t h i c k n e s s  v a r i a t i o n  may 
a l s o  have a f f e c t e d  t h e  e v a l u a t i o n  o f  impact i c e  s t r e n g t h  f rom h i g h  speed r o t o r s  
s i n c e  bas i  c formul a assumes u n i  form th i ckness .  
These values appear 
P o s s i b l e  bending v i b r a t i o n  of t h e  
Numerous authors have s t u d i e d  t h e  shear s t r e n g t h  o f  a r t i f i c i a l  and 
n a t u r a l  i c e  as w e l l  as t h e  adhesion between i c e  and o t h e r  m a t e r i a l s .  
V o i t k o v s k i i  (10) summarizes some o f  t h e  Russian and European work ( th rough  
1960). The shear s t r e n g t h  o f  n a t u r a l  r i v e r  i c e  v a r i e d  from 6 kg/cm2 (85 p s i )  t o  
13 kg/cm2 (185 p s i )  and o f  a r t i f i c i a l  i c e  f rom 9 kg/cm2 (128 p s i )  t o  56 kg/cm2 
(796 p s i ) .  Values are a l s o  l i s t e d  f o r  i r o n  w i t h  temperatures very near t h e  
m e l t i n g  p o i n t  of i c e  (-0.085"C t o  -1.09OC). As a r e s u l t ,  t h e  
adhesive s t reng ths  are low 0.14-3.0 kg/cm2 (2-42 p s i ) .  
J e l l i n e k  (11-13) s t u d i e d  t h e  adhesive and cohesive s t r e n g t h  o f  a snow-ice 
sandwiched between p o l i s h e d  c i r c u l a r  304 SS p l a t e s  approx ima te l y  0.3 cm apar t .  
Shear s t r e s s e s  were developed from t o r s i o n a l  loads. The adhesive s t r e n g t h  o r  
cohesive s t reng th  ( i f  f a i l u r e  occu r red  i n  t h e  i c e )  i nc reased  l i n e a r l y  w i t h  
.. 
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dec reas ing  temperature f rom 0 kg/cm2 a t  0°C t o  16.6 kg/cm2 (236 p s i )  a t  -14°C 
(6.8"F).  
(228 p s i )  a t  -34.3"C (-30°F).  
Below -14°C t h e r e  was a s l i g h t  decrease i n  s t r e n g t h  t o  26 kg/cm2 
S i m i l a r  t e s t s  were run  on Polystyrene.  The adhesive shear s t r e n g t h  a l s o  
v a r i e d  l i n e a r l y  f rom 0 t o  0.43 kg/cm2 ( 6  p s i )  a t  -15°C (5°F) .  
roughness o f  304 SS p l a t e s  was s tud ied  i n  another  i n v e s t i g a t i o n  (12).  
s u r f a c e s  were considered: a machined sur face,  a mat s u r f a c e  f i n i s h  and a 
m i r r o r  p o l i s h  (5  t o  7 F! i n ) .  
(87 p s i ) ,  2.7 kg/cin2 (38  p s i )  and 0.68 kg/cm2 (9.7 p s i ) ,  r e s p e c t i v e l y ,  f o r  a 
snow-ice l a y e r  0.1 t o  0.2 cm t h i c k  and a cross s e c t i o n  o f  6.26 cm2.Thus, 
sur face roughness i nc reased  these shear s t r e s s  by a f a c t o r  of a lmost 10. 
Adhesion o f  i c e  f rozen  from d i l u t e  e l e c t r o l y t e  s o l u t i o n s  was r e p o r t e d  i n  
Reference (13). 
The e f f e c t  o f  
Three 
Mean adhesive shear s t r e n g t h s  were 6.1 kg/cm2 
The u l t i m a t e  shear s t r e n g t h  o f  na tu rua l  ( f r e s h  w a t e r )  i c e  as a f u n c t i o n  
of  temperature was r e p o r t e d  by K o z i t s o k i i  (14) .  Values reached 17 kg/cm2 (241 
p s i )  a t  -14°C (7°F)  which i s  s i m i l a r  t o  r e s u l t s  ob ta ined  by J e l l i n e k  (11). 
T e n s i l e  p r o p e r t i e s  o f  a r t i f i c i a l  i c e  were tho rough ly  s t u d i e d  by Hawkes 
and M e l 1 o r . ( l 5 )  
Both t e n s i l e  and compressive u l t i m a t e  s t r a i n s  decreased w i t h  i n c r e a s i n g  s t r a i n  
r a t e .  However s t resses  increased w i t h  i n c r e a s i n g  s t r a i n  r a t e s .  The t e n s i l e  
s t r e n g t h  increased approx ima te l y  20 bars (290 p s i )  a t  lo"+ i n / i n / s e c ;  t h e  
compressive s t r e n g t h  i nc reased  t o  85 bars (1232 p s i )  a t  lo'* i n / i n / s e c .  
i n i t i a l  Young's Modulus i n  t e n s i o n  increased f rom 8 x l o 5  p s i  a t  10-6 
i n / i n / s e c  t o  almost 1 x l o 6  p s i  a t  
Modulus i s  approx imate ly  constant  w i t h  s t r a i n  r a t e  w i t h  a va lue  of 1.4 x l o 6  
p s i .  V o i t k o v s k i i  d iscusses t h e  e f f e c t  of s t a t i c  versus dynamic methods o f  
measur ing Young's Modulus on i c e .  Using dynamic methods t y p i c a l  values of 
S t r a i n  r a t e s  were v a r i e d  from i n / i n / s e c  t o  1 i n / i n / s e c .  
The 
i n / i n / s e c .  The compressive Young's 
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a r t i f i c i a l  i c e  v a r i e d  from 8.8 t o  9.8 x l o 3  kg/cm2 (1.15 t o  1.39 x 106 p s i ) .  
However, f o r  s t a t i c  values, Young's Modulus v a r i e d  f r o m  33 t o  65 x l O 3  kg/cm2 
(470,000 p s i  t o  920,000 p s i ) .  V o i t k o v s k i i  d iscusses i n  d e t a i l  t h e  e f f e c t  of 
creep and, t h e r e f o r e ,  t h e  magnitude o f  t he  a p p l i e d  l o a d  on Young's modulus. 
S i m i l a r  conc lus ions can be made us ing  data presented by Glen. (16) .  
No data could be found on t h e  t e n s i l e  o r  compressive p r o p e r t i e s  o f  impact 
i c e s .  Comparison between some o f  t h e  shear adhesives p r o p e r t i e s  d iscussed 
above w i l l  be made w i t h  data ob ta ined  f rom t h i s  i n v e s t i g a t i o n .  
3.0 Data A c q u i s i t i o n  
Data used i n  t h i s  r e p o r t  was gathered d u r i n g  a s e r i e s  o f  t e s t  conducted 
i n s i d e  NASA-Lewis I c i n g  Research Tunnel ( IRT)  f a c i l i t i e s  u s i n g  two t e s t  
apparatus as descr ibed below. Inhe ren t  w i t h  i c i n g  research t h e r e  i s  a l a r g e  
s c a t t e r  o f  data, and o n l y  average s t a t i s t i c a l  values a re  mentioned i n  t h i s  
r e p o r t .  
3.1 Test F a c i l i t i e s  
The shear t e s t  apparatus was o r i g i n a l l y  developed by NASA LRC and was 
m o d i f i e d  f o r  some o f  these s t u d i e s  a t  The U n i v e r s i t y  o f  Akron. Peel f o r c e  
measurements were made on equipment designed and c o n s t r u c t e d  by The U n i v e r s i t y  
o f  Akron. Development o f  equipment f o r  e v a l u a t i n g  t e n s i l e  p r o p e r t i e s  of 
impact i c e s  i s  i n  progress.  A l l  t e s t i n g  was conducted i n  t h e  I c i n g  Research 
Tunnel ( IRT)  a t  Lewis Research Center, Cleveland, Ohio. 
The I R T  i s  a c losed  loop low speed r e f r i g e r a t e d  wind t u n n e l .  I t s  t e s t  
s e c t i o n  i s  1.83 m ( 6  f t )  h i g h  and 2.74 m (9 f t )  wide. The a i r speed  i n  t h e  t e s t  
s e c t i o n  can be v a r i e d  f rom 30 (20 m i / h r )  t o  480 km/hr (300 m i /h ) ,  arld t h e  
t o t a l  temperature can be v a r i e d  f rom above 0°C (20 F )  down t o  about -30 "C 
(-22°F). According t o  t h e  p resen t  c a l i b r a t i o n ,  t h e  i c i n g  c loud  i s s u i n g  from 77 
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a i r  a t o m i z i n g  nozz les can produce a drop s i z e  range o f  f rom below 10 
t o  about 40 microns (volume median diameter, DVM). 
(LWC) i n  t h e  t e s t  s e c t i o n  can be va r ied  f rom about 0.3 t o  3.0 g/m3. 
Not a l l  combinat ions o f  DVM and LWC are p o s s i b l e  a t  every a i rspeed.  The DVM 
and LWC a re  se t  acco rd ing  t o  t h e  present  c a l i b r a t i o n  by a d j u s t i n g  t h e  a i r  and 
wa te r  pressures t o  t h e  spray nozzles.  For  d e t a i l s  about t h e  spray c loud  
c a l i b r a t i o n  and a d i s c u s s i o n  o f  p o s s i b l e  e r r o r  sources, r e f e r  t o  Reference 17. 
These r e s u l t s  i n d i c a t e  t h a t  t h e  data r e p o r t e d  h e r e i n  should be f ree  o f  any 
s i  g n i  f i can t  e r r o r .  
The l i q u i d  water  con ten t  
3.2 Shear S t reng th  Study 
F i g u r e s  4 and 5 show a photograph and schematic diagram, r e s p e c t i v e l y ,  o f  
t h e  t e s t  apparatus used t o  determine t h e  adhesive shear s t r e n g t h  o f  impact 
i c e s .  As shown, t h e  equipment has two main s e c t i o n s :  (1) t h e  i c e  fo rm ing  
s e c t i o n  where impact i c e s  a re  accreted on t h e  t e s t  specimens and ( 2 )  t h e  t e s t  
s e c t i o n  where t h e  adhesive shear force i s  measured. I n s t r u m e n t a t i o n  of t h e  
t e s t  s e c t i o n  i s  above t h e  IRT ;  samples a re  p laced i n  a h o l d e r  i n  t h e  wind 
t u n n e l  f o r  measurement. The t e s t  specimrn c o n s i s t s  o f  a t h i n  o u t e r  c y l i n d e r  
w i t h  a window and end f l anges  and a h o l l o w  i n n e r  c y l i n d e r .  
The i n n e r  c y l i n d e r s  o f  t h e  shear t e s t  specimens were f a b r i c a t e d  from 304 
s t a i n l e s s  s t e e l ,  aluminum and neoprene. The roughness of t h e  metal specimens 
i s  10 t o  30 rms m i c r o  inches. P r i o r  t o  each t e s t  t h e  m e t a l  i n n e r  c y l i n d e r s  
were d ipped i n  acetone and a l l owed  t o  dry .  The specimens were assembled w i t h  
meta l  tongs so t h a t  t h e  su r faces  were f ree  of grease. Neoprene su r faces  were 
c leaned  w i t h  a l c o h o l .  I n n e r  c y l i n d e r s  were a l s o  assembled i n  t h e  same order .  
The o b j e c t i v e s  of t h i s  procedure was an a t tempt  t o  reduce data s c a t t e r .  
f i t  between t h e  two c y l i n d e r s  i s  a s l i d i n g  f i t  so t h a t  i t  w i l l  s l i d e  f r e e l y  
w i t h o u t  v i b r a t i o n .  F i v e  o f  t h e  c y l i n d e r  p a i r s  a re  s tacked ( F i g u r e  4-b) on t o p  
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of  each o t h e r  on a common s h a f t  which i s  mounted v e r t i c a l l y  i n  t h e  IRT.  The 
assembly i s  u s u a l l y  r o t a t e d  i n  t h e  wind tunne l  a t  a r a t e  of app rox ima te l y  20 
rpm. When t h e  s tack  i s  r o t a t e d ,  an almost un i fo rm c o a t i n g  of i c e  i s  depos i ted  
on t o  t h e  c y l i n d e r s .  
s tack  n o t  ro tated.  When s t a t i o n a r y ,  i c e  formed over  t h e  window and ad jacen t  
area on ly .  Two t ypes  o f  windows were used ( F i g u r e  6 ) :  a square ( 3  x 2.7 cm) 
window and a r e c t a n g u l a r  window ( 3  x 6.5 cm). 
I n  a few t e s t s  t h e  window was a l i g n e d  up stream and t h e  
Time o f  exposure t o  t h e  i c e  c loud  was v a r i e d  so t h a t  t h e  t h i c k n e s s  of i c e  
d e p o s i t  was approx imate ly  1/4" t o  3/8" t h i c k .  It was found t h a t  i f  t h e  i c e  were 
t o o  t h i n ,  cohesive f a i l u r e  would occur i n  t h e  window sec t i on .  As expected, 
t h i s  t y p e  o f  f a i l u r e  occured more o f t e n  w i t h  r ime i c e  than w i t h  g laze  i c e .  
Furthermore, the r ime i c e  acc re ted  w i t h  smal l  water  drops (15 rm) appeared t o  
be weaker than  t h a t  developed w i t h  l a r g e r  drops (20 -27 m). On t h e  o t h e r  
hand, i f  t h e  i c e  were t o o  t h i c k ,  t h e  s tack assembly cou ld  n o t  be taken a p a r t  
w i t h o u t  s i g n i f i c a n t  f o r c e  which o f t e n  d i s t u r b e d  t h e  adhesi ve bond between t h e  
i n n e r  c y l i n d e r  and i c e .  Thus, by t r i a l  and e r r o r  i t  was found t h a t  t h e  optimum 
t h i c k n e s s  f o r  these t e s t s  was about 1/4" f o r  g laze  i c e  and about 3/8" f o r  r ime 
i c e .  
One o t h e r  aspect about t e s t i n g  r ime i c e  should be p o i n t e d  out .  Rumps and 
depress ion i n  the su r face  o f  t h e  specimen a f f e c t e d  t h e  shape of t h e  i c e  
d e p o s i t .  Thus, t h e  l i p  a t  t h e  window edge o f  t h e  o u t e r  c y l i n d e r  c o u l d  be 
e a s i l y  d i s t i n g u i s h e d  i n  a 3/8" i c e  d e p o s i t  even though t h e  l i p  was f i l e d  t o  a 
sharp edge. This problem was worse w i t h  smal l  drops (15 m) a t  low 
temperatures ( -8°F). Th is  weakness i n  r ime  i c e  o f t e n  leads t o  a cohesive 
f a i l u r e  a long  the window edges r a t h e r  than  an adhesive f a i l u r e  on t h e  s u r f a c e  
of  t h e  i n n e r  c y l i n d e r .  None of these cohesive f a i l u r e  data were used i n  t h i s  
r e p o r t .  
F i g u r e  7 shows a thermocouple which i s  ewedded i n  t h e  c e n t e r  o f  t h e  
i n n e r  c y l i n d e r  w a l l  near t h e  c e n t e r  o f  t h e  r e c t a n g u l a r  window. T h i s  
thermocouple was used t o  measure c y l i n d e r  temperature as t h e  specimen was 
b e i n g  heated w i t h  a c a r t r i d g e  heater.  A f i n i t e  element t r a n s i e n t  heat 
conduc t ion  c a l c u l a t i o n  was made using NASTAN which accounted f o r  t h e  i c e  
l a y e r ,  s t a i n l e s s  s t e e l  housing and i n n e r  metal  c y l i n d e r .  It was determined 
f r o m  t h i s  a n a l y s i s  t h a t  t h e  d i f f e r e n c e  i n  temperature between t h e  i n t e r f a c e  
and p o i n t  o f  measurement was l e s s  than about 1OF. When t h e  hea te r  was t u r n e d  
on t h e  temperature on t h e  c y l i n d e r  rose s l o w l y .  From 5 t o  10 minutes was 
needed t o  reach a predetermined c y l i n d e r  temperature.  The i n s t a n t  a 
predetermined temperature i s  a t ta ined ,  t h e  h y d r a u l i c  c y l i n d e r  i s  ac tua ted  t o  
shear t h e  specimen. I n  t h i s  manner shear s t r e s s  as a f u n c t i o n  o f  tempertaure 
was determined. A t y p i c a l  shear t e s t  da ta  i s  shown i n  F igu re  8. 
S i m i l a r  shear t e s t s  were conducted p r e v i o u s l y  u s i n g  va r ious  i c e  phobics 
on t h e  t a r g e t  c y l i n d e r  sur face.  Comparison o f  data ( w i t h  s i m i l a r  t e s t  
c o n d i t i o n s )  ob ta ined  w i t h  t h i s  t e s t  w i t h  t h e  p rev ious  t e s t ,  showed t h a t  t h e  
shear s t r e s s  measured i n  t h e  previous t e s t  were found t o  be a f a c t o r  o f  2 t o  3 
t o o  low. 
t h e  acc re ted  i c e  f rom t h e  s u b s t r a t e  m a t e r i a l  happens almost i ns tan taneous ly  
(as can be seen i n  [ f i g u r e  8 ) ,  which i s  almost an i m p u l s i v e  f o r c e .  
p r e v i o u s  s tudy uses a pen c h a r t  recorder  t o  r e c o r d  t h e  Y m p u l s i v e "  shear f o r c e  
and t h e  p resen t  s tudy uses a s torage scope. Due t o  very h i g h  frequency 
c o n t e n t  o f  an i m p u l s i v e  s i g n a l  coupled w i t h  t h e  i n e r t i a  o f  t h e  r e c o r d i n g  pen, 
t h e  c h a r t  reco rde r  f a i l e d  t o  reco rd  f a i t h f u l l y  t h e  t r u e  magnitude o f  t h e  
" i m p u l s i v e "  shear f o r c e ,  thus t h e  d i f f e r e n c e  between t h e  measurements o f  t h e  
two t e s t s .  
Th is  d i f f e r e n c e  cou ld  be exp la ined  by t h e  f a c t  t h a t  t h e  shear ing  of 
The 
3.3 P e e l i n g  S t reng th  Study 
A photograph o f  t h e  impact i c e  p e e l i n g  apparatus i s  shown on F i g u r e  9 
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and a schematic diagram on F i g u r e  10. 
s y m m e t r i c a l l y  p o s i t i o n e d  window s l o t s  (1" x 6 " )  i n  t h e  s ides  o f  t h e  16" 
d iameter  aluminum drum. 
m a t e r i a l s  were h e l d  f l u s h  w i t h  the  s u r f a c e  of t h e  c y l i n d e r  w i t h  smal l  s t e e l  
back ing  p l a t e s .  The c y l i n d e r  cou ld  be e i t h e r  r o t a t e d  o r  h e l d  i n  a f i x e d  
p o s i t i o n  w i t h  a specimen up stream i n  o r d e r  t o  b u i l d  up an i c e  c o a t i n g .  
Specimen s t r i p s  are pee led  from t h e  i c e  w i t h  a t h i n  b r a i d e d  s t a i n l e s s  s t e e l  
w i r e  th rough  a l o a d  c e l l  t o  measure t h e  p e e l i n g  force.  The p u l l i n g  speed i s  
mon i to red  w i t h  a LVDT. Typ ica l  ou tpu t  i s  shown on F i g u r e  11. 
As seen on these  f i g u r e s  t h e r e  are s i x  
T h i n  r e c t a n g u l a r  s t r i p s  (3/4" x 6 " )  o f  d i f f e r e n t  
Three types of  specimens were used i n  t h i s  t e s t :  aluminum, 316 s t a i n l e s s  
s t e e l  0.003" shim stock and a neoprene faced composite. Most of t h e  data were 
taken  w i t h  the  s t a i n l e s s  s t e e l  and neoprene specimens. Forces assoc ia ted  w i t h  
t h i s  mode o f  f a i l u r e  were much lower  than expected. As a r e s u l t ,  specimens 
had t o  be very f l e x i b l e  t o  a v o i d  s t r i p p i n g  t h e  specimen from t h e  i c e .  Fo r  
t h i s  reason, t h i n  shim s tock  0.003" t h i c k  was used. However, these specimen 
had t o  be mounted c a r e f u l l y  t o  avo id  hav ing  t h e  specimen p u l l e d  o u t  o f  t h e  
window f rom aerodynami c forces. 
The angle o f  peel can be v a r i e d  by a d j u s t i n g  t h e  h e i g h t  o f  t h e  yoke 
r e l a t i v e  t o  the bottom o f  t h e  specimen. 
c o u l d  be obtained. The aparatus was designed so t h a t  t h e  yoke and p o i n t  o f  
f r a c t u r e  o r  peel moved a t  t h e  same r a t e  and thus,  assure p e e l i n g  a t  a cons tan t  
angle.  It should be p o i n t e d  out  t h a t  peel  angles developed from t h e  E I D I  o r  
phneumatic boot d e i c e r s  a re  l e s s  than 2'. 
Peel angles from 20 t o  90 degrees 
A f t e r  assembly, metal  pee t e s t  specimens were c leaned w i t h  acetone and 
neoprene specimens w i t h  a lcoho . Care was taken t o  seal  t h e  edges of t h e  
specimens so t h a t  t h e r e  was no sandwich bond between specimen and t h e  l a r g e  
cy1 i nder.  
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4.0 D iscuss ion  o f  Resu l t s  
Exper imenta l  r e s u l t s  have been d i v i d e d  i n t o  f o u r  p a r t s :  p r e l i m i n a r y  
adhesive shear t e s t  r e s u l t s ,  shear s t r e n g t h  as a f u n c t i o n  o f  i n t e r f a c e  
temperature,  shear s t r e n g t h  as a f u n c t i o n  o f  v e l o c i t y  and peel  t e s t  r e s u l t s .  
Data i n  t h e  I R T  were c o l l e c t e d  i n  th ree  separate t e s t  s e r i e s  each 
approx ima te l y  one week long.  
4.1 Parametr ic  Study 
Parametr ic  exper imenta l  s t u d i e s  revea led  t h a t  t h e  adhesive shear s t r e n g t h  
o f  acc re ted  impact i c e  t o  be s t a t i s t i c a l l y  independent of t h e  f o l l o w i n g :  
4.1.1 Tunnel A i r  Temperature Below 4°C (25°F) 
F i g u r e  12 shows a s c a t t e r e d  data p l o t  o f  t h e  v a r i a t i o n  of shear s t r e s s  
vs. temperature,  as can be seen, i t s  dependence on temperature i s  n e g l i g i b l e .  
4.1.2 Thickness o f  Accreted I c e  
F i g u r e  13 shows t h a t  shear s t ress i s  r e l a t i v e l y  independent o f  i c e  
a c c r e t e d  th ickness.  Thickness o f  the impact i c e  was v a r i e d  from 1/16" t o  
a 1 most 1 / 2 " 
s t a t i s t i c a l  
4.1.3 Meta 
F i g u r e  
s u b s t r a t e .  
I n  cases where t h e r e  was a c l e a r  shear f r a c t u r e ,  t h e r e  was no 
d i f f e r e n c e  i n  t h e  adhesive s t r e n g t h .  
Subst rate 
14 shows t h e  s t a t i s t i c a l  p l o t  o f  shear s t r e s s  vs. m a t e r i a l  
As shown f rom t h e  p l o t ,  the s t a t i s t i c a l  averages o f  t h e  shear 
s t r e s s  i s  almost equal f o r  two i d e n t i c a l  i c i n g  c o n d i t i o n s .  
4.1.4 Other Parameters 
F i g u r e s  15, 16, and 17 show very n e g l i g i b l e  v a r i a t i o n  of t h e  adhesive 
shear  s t r e s s  t o  ( a )  d i f f e r e n t  window shape (Rectangular/Square),  ( b )  t h e  
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t e s t i n g  c o n d i t i o n  whether c loud  o f f  o r  c l o u d  on and ( c )  t h e  i c e  a c c r e t i o n  
shape whether the s tack o f  specimens (F ig.  4b) i s  r o t a t e d  ( u n i f o r m )  o r  
u n - r o t a t e d  (non-uni f  o r m )  d u r i n g  a c c r e t i o n  o f  impact i c e ,  r e s p e c t i v e l y .  
I n  conduct ing t h e  p a r t  ( b )  exper iment above, a s p e c i a l  specimen 
t h a t  c o u l d  n o t  r o t a t e ,  which was f i x e d  d i r e c t l y  t o  t h e  p l a t f o r m  (F igu re  7 )  was 
developed. The shear s t r e s s  was then measured w h i l e  t h e  i c i n g  c l o u d  and t h e  
i c e  was s t i  11 a c c r e t i  ng ( i  .e., t h e  a i  r speed was on).  As mentioned above, no 
a p p r e c i a b l e  d i f f e r e n c e  i n  adhesive shear s t r e n g t h  was noted. 
To t e s t  the e f f e c t  o f  s u r f a c e  roughness a number o f  specimens were sand 
b l a s t e d .  In aluminum samples, t h e  roughness was inc reased  from 10 - 30 p in  
rrns t o  40 -50 p in  rms. The adhesive f o r c e  f o r  a roughness o f  10-30 p i n  r.ms. 
v a r i e s  between 40-60 p s i  bu t  f o r  t h e  40-50 u i n  r.ms., roughness, t h e  t e s t  
apparatus cou ld  n o t  induce adhesive f a i l u r e ;  t h e  maximum f o r c e  reached was 160 
l b s  (about 114 p s i ) .  These data and t h e  r e s u u l t s  i n  t h e  l i t e r a t u r e  suggest 
t h a t  roughness i s  a major  parameter a f f e c t i n g  t h e  adhesive s t r e n g t h .  
Three parameters examined i n  t h i s  s tudy had c o r r e l a t i v e  e f f e c t s  w i t h  the 
adhesive shear s t r e n g t h :  ( 1 )  wind v e l o c i t y  ( 2 )  drop s i z e  and (3 )  i c e  sur face 
temperature.  Roughnes5 was no t  v a r i e d  s y s t e m a t i c a l l y  i n  these s t u d i e s .  It 
was h e l d  constant ;  t he  same t a r g e t  c y l i n d e r s  were used f o r  many t e s t s .  
There was s i g n i f i c a n t  e f f o r t  made t o  e l i m i n a t e  v a r i a b l e s  i n  t h e  t e s t i n g  
conducted t o  measure t h e  adhesive shear s t r e n g t h .  However, t h e r e  i s  
s i g n i f i c a n t  data s c a t t e r  i n  a l l  shear t e s t  r e s u l t s .  Mean values and s tandard 
d e v i a t i o n s  a re  shown i n  t h e  f i g u r e s .  
4.2 Shear St rength versus I ce -Subs t ra te  I n t e r f a c e  Temperature. 
F i g u r e  13 shows a s c a t t e r  p l o t  of a l l  da ta  c o l l e c t e d  from t h i s  
exper imen ta l  se r ies .  As can be seen, t h e r e  appears t o  be a s t r o n g  c o r r e l a t i o n  
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between t h e  i c e - s u b s t r a t e  i n t e r f a c e  temperature and t h e  adhesive shear 
s t r e n g t h .  A t  an i n t e r f a c e  temperature above 25"F, t h e  shear s t r e n g t h ,  on t h e  
average, tends t o  decrease and approaches zero a t  t h e  m e l t i n g  p o i n t  
temperature of 32°F. A lso  shown superimposed t o  i t  i s  t h e  s t a t i s t i c a l  p l o t  o f  
t h e  data.  I n  t h i s  case, o n l y  s t a t i s t i c a l  mean shear s t r e n g t h  a t  s e l e c t e d  
i n t e r f a c e  temperatures w i t h  adequate data sample f o r  a s t a t i s t i c a l  mean 
a n a l y s i s  a re  shown. There i s  a t h e  gap o f  m iss ing  data between temperatures 
o f  2" and 8"F,  never the less  t h e r e  appears t o  be a sharp decrease o f  t h e  
adhesive shear s t r e n g t h  a t  temperature above 25" F. The average data ( +  20 
s tandard  d e v i a t i o n )  i s  f 42% o f  t h e  average reading.  This  s c a t t e r  i s  much 
more than  s i m i l a r  data f o r  convent ional  s t r u c t u r a l  m a t e r i a l s .  T h i s  s c a t t e r  i s  
b e l i e v e d  t o  be i n h e r e n t ,  because tunnel  c o n d i t i o n s  a re  q u i t e  repea tab le  and 
t h e  t e s t  specimens were c a r e f u l l y  cleaned and prepared i n  t h e  same manner. 
4.3 Adhesive Shear S t r e n g t h  versus Wind V e l o c i t y  
F i g u r e s  19 and 20 show both a s c a t t e r  p l o t  and s t a t i s t i c a l  averages of data 
p o i n t s  o b t a i n e d  f r o m  these t e s t  se r ies .  F i g u r e  19 shows t h e  v a r i a t i o n  o f  
adhesive shear s t r e n g t h  w i t h  wind v e l o c i t y  f o r  hard r ime and g laze  i c e  depos i t s  
( 1 2  -18°F t unne l  temperature) .  
i c e ,  t h e  adhesive shear s t r e n g t h  appears t o  i nc rease  s l i g h t l y  as t h e  wind 
v e l o c i t y  and drop s i z e  increases which i s  conf i rmed by t h e  s t a t i s t i c a l  cu rve  
a l s o .  
As can be seen i n  F i g u r e  19, f o r  ha rd  r ime-g laze 
However, f o r  powdery r ime i c e  (-8°F t o  3°F) i n  F i g u r e  15, t h e r e  appears t o  
I n  t h e  m a j o r i t y  be no d i s c e r n a b l e  t r e n d  a t  a l l  ( a l s o  conf i rmed s t a t i s t i c a l l y ) .  
of t he  t e s t  samples w i t h  these p a r t i c u l a r  c o n d i t i o n s ,  t h e  i c e  d e p o s i t s  a t  t he  
window s h a t t e r e d  d u r i n g  t h e  shear ing  t e s t ,  and because o f  t h i s ,  very few samples 
were l e f t  t h a t  gave r e l i a b l e  t e s t  values. Therefore f o r  t h i s  p a r t i c u l a r  c o n d i t i o n  
t h e  s t a t i s t i c a l  conc lus ions  i s  no t  r e l i a b l e  due t o  l i m i t e d  s t a t i s t i c a l  p o i n t s .  
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4.4 Adhesive Shear S t r e n g t h  versus D r o p l e t  Momentum 
F i g u r e  2 1  shows a s t a t i s t i c a l  p l o t  o f  shear s t r e n g t h  versus t h e  d r o p l e t  
momentum f o r  hard r ime-g laze i c e  c o n d i t i o n s .  As can be seen, t h e  s t r e n g t h  
i nc reased  s l i g h t l y  w i t h  i n c r e a s i n g  d r o p l e t  momentum. 
4.5 P e e l i n g  Strength Test 
F i g u r e  22 shows t h e  v a r i a t i o n  o f  t h e  p e e l i n g  s t r e s s  ( F o r c e / u n i t  w i d t h )  w i t h  
t h e  d i f f e r e n t  s u b s t r a t e  m a t e r i a l s .  As can be seen, t h e  p e e l i n g  s t r e s s  f o r  
neoprene tends t o  be h i g h e r  than f o r  metal s t r i p s .  However, bo th  values a re  
low and vary between 2 and 4.8 l b / i n .  
The lowest  peel  angle ob ta ined  w i t h  t h e  apparatus was approx ima te l y  20 
degrees. There was no s i g n i f i c a n t  i nc rease  i n  peel  s t r e n g t h  f r o m  20 t o  90 
degrees. 
t e s t  i s  equ iva len t  t o  t h e  shear s t r e n g t h  ob ta ined  f rom t h e  shear t e s t  apparatus.  
Fo r  t h i s  case, a very  l a r g e  f u l l  adhesive shear s t r e n g t h  was obta ined.  The peel  
s t r e n g t h  between 0 and 20 degrees c o u l d  n o t  be i n v e s t i g a t e d  w i t h  t h e  c u r r e n t  
apparatus.  F u r t h e r  t e s t i n g  i s  needed t o  examine t h i s  r e g i o n  because pneumatic 
and E I D I  de i ce rs  operate w i t h  l e s s  than i 2" peel  angle.  
A few exper iments were performed manual ly a t  0 angle of pee l .  Th i s  
4.6 I c e  Bending F r a c t u r e  Test 
D e i c i n g  us ing e i t h e r  pneumatic boots o r  e lect ro-mechanica l  impact systems 
cause i c e  t o  f a i l  i n  t h r e e  modes: shear, p e e l i n g ,  and tens ion .  Tension 
f a i l u r e s  a re  caused by bending o f  t h e  impact i c e .  As a r e s u l t ,  t e n s i l e  bending 
s t r e s s  f a i l u r e s  must be taken i n t o  account i n  t h e  mathematical  model ing of 
d e i c i n g  systems. 
P r e l i m i n a r y  t e s t s  were conducted t o  determine t h e  t e n s i l e  c r a c k i n g  
c h a r a c t e r i s t i c s  o f  r e f r i g e r a t o r  i c e  coated on lnetal specimens. I n  t h i s  
i n v e s t i  ga t  on, specimens were cracked u s i n g  a STRESSCOAT s t r a i n  i n d i c a t o r ,  shown 
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on F i g u r e  27. 
t h e  cracked i ce .  
I n  o r d e r  t o  v i s u a l l y  r e c o r d  t h e  r e s u l t  food dye was a p p l i e d  t o  
I c e  was b u l t  up on a specimen by f i r s t  f r e e z i n g  t h e  aluminum beam and 
s p r a y i n g  water  onto t h e  beam u n t i l  a t h i c k n e s s  o f  approx imate ly  0-16 cm (1/16") 
was obta ined.  Specimens were cracked a t  t h r e e  temperatures:  -9" C, -18" C ,  -29" 
C (15" F, 0" F, and -20" F).  F rac tu re  of t h e  f i r s t  few specimens was 
c h a r a c t e r i z e d  by a t e n s i l e  f a i l u r e  i n  t h e  area o f  h i g h  s t r a i n  f o l l o w e d  by a 
shear  f a i l u r e  a t  t h e  m e t a l - i c e  i n t e r f a c e  and l i f t i n g  o f  t h e  i c e  l a y e r .  I n  o r d e r  
t o  p reven t  t h i s  t ype  of shear f a i l u r e  t h e  aluminum beam specimens were 
sandb las ted  t o  roughen t h e  s u r f a c e  and i n c r e a s e  t h e  shear s t r e n g t h  a t  t h e  
i n t e r f a c e .  Th is  p r e c a u t i o n  reduced bu t  d i d  n o t  e l i m i n a t e  shear f a i l u r e  a t  t h e  
i n t e r f a c e .  T y p i c a l  specimen which f a i l e d  i n  t e n s i o n  i s  shown i n  F i g u r e  7. 
5.0 F i n i t e  Element Study 
The l o n g  range o b j e c t i v e  of t h i s  e f f o r t  i s  t o  develop a n a l y t i c a l  
procedures t o  p r e d i c t  d e i c i n g  o f  aerodynamic su r faces .  Phys ica l  p r o p e r t i e s  o f  
impact i c e s  a re  r e q u i r e d  as i n p u t  t o  any a n a l y t i c a l  method. Because o f  t h e  
complex shapes of aerodynamic and i c e  SL'faces, i t  i s  planned t o  f o r m u l a t e  
a n a l y t i c a l  procedure u s i n g  F i n i t e  Element Ana lys i s ,  (FEA). Therefore mechanical 
d e i c e r s  seem t o  debonds t h e  i c e  because o f  s t r e s s  concen t ra t i ons .  The main 
c o m p l e x i t y  i s  t h e  accu ra te  p r e d i c t i o n  o f  l o c a l  s t r e s s  concen t ra t i ons .  A r e s o r t  
t o  f r a c t u r e  mechanics approaches may be needed. 
5.1 Shear Test Model ing 
A f i n i t e  element s tudy o f  t h e  shear t e s t  specimens was conducted i n  o r d e r  
t o  access t h e  magnitude o f  s t r e s s  c o n c e n t r a t i o n  e f f e c t s  on t h e  two types o f  t e s t  
specimens. I n t u i t i v e l y ,  it was f e l t  t h a t  s t r e s s  c o n c e n t r a t i o n  e f f e c t s  
a s s o c i a t e d  w i t h  t h e  r e c t a n g u l a r  window specimen would be l e s s  than  those o f  t h e  
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square window specimen. 
each t y p e  o f  specimen f o r  both a r e l a t i v e  and a b s o l u t e  e v a l u a t i o n  o f  these 
s t r e s s  concen t ra t i ons .  
As a r e s u l t ,  f i n i t e  element models were developed f o r  
Two s e t s  o f  boundary c o n d i t i o n s  were s p e c i f i e d  f o r  each specimen type.  
F i r s t  i t  was assumed t h a t  t h e  i c e  was f i x e d  t o  a l l  edges o f  t h e  window i n  t h e  
o u t e r  c y l i n d e r .  I n  t h e  second case, i t  was assumed t h a t  t h e  i c e  a c c r e t i o n  was 
f i x e d  a long  t h e  two s ides  o f  t h e  r e c t a n g u l a r  windows and t o  t h e  two s ides  and 
bot tom o f  t h e  square window. The second s e t  o f  boundary c o n d i t i o n s  was b e l i e v e d  
t o  be more r e a l i s t i c  and t h e  r e s u l t s  o f  these two analyses a re  p resen ted  on 
F i g u r e s  23 through 26. For  t h e  square window i t  i s  assumed t h a t  t e n s i l e  f a i l u r e  
w i l l  occur between t h e  top  and bottom f l a n g e s  and o u t e r  c y l i n d e r .  As a r e s u l t ,  
t h e r e  i s  no support  a long  e i t h e r  t h e  top  o r  bot tom edge o f  t h e  i c e  a c c r e t i o n  on 
t h e  r e c t a n g u l a r  window. 
F i g u r e s  23 and 24 show t h e  normal and shear s t r e s s  d i s t r i b u t i o n s ,  
r e s p e c t i v e l y ,  f o r  t h e  square windows. As can be seen f rom these r e s u l t s ,  
t h e r e  a r e  s i g n i f i c a n t  shear s t r e s s  c o n c e n t r a t i o n s  a t  t h e  boundary o f  t h e  
a c c r e t e d  impact i c e  and o u t e r  c y l i n d e r .  The norm1 and shear s t r e s s  
d i s t r i b u t i o n s  f o r  t h e  r e c t a n g u l a r  window are p l o t t e d  on F igures 25 and 26, 
r e s p e c t i v e l y .  As seen f rom these r e s u l t s  s t r e s s  c o n c e n t r a t i o n  e f f e c t s  appear 
t o  be even l a r g e r  than those f o r  t h e  square window. 
d i d  no t  l e a d  t o  a more u n i f o r m  shear s t r e s s  between t h e  i n n e r  c y l i n d e r  and 
impact i c e .  Test r e s u l t s  i n d i c a t e  t h a t  t h e  average shear s t r e s s  from t h e  two 
types o f  specimens were n o t  s t a t i s t i c a l l y  d i f f e r e n t .  
I n  conclus ion , shear s t r e s s  c o n c e n t r a t i o n s  based on t h e  average shear 
s t r e s s  o f  4.3 and 5.9 were determined f rom t h e  f i n i t e  element s tudy.  This  
e f f e c t  p robab ly  reduced t h e  measured average adhesive s t r e s s  approx ima te l y  by 
a f a c t o r  o f  2. 
Thus, t h i s  m o d i f i c a t i o n  
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5.2 Bending F r a c t u r e  Model ing 
To model t h e  Bending F r a c t u r e  Tes t ,  i t  was decided t o  use t h e  A D I N A  program 
s i n c e  i t  has a conc re te  f r a c t u r e  model t h a t  can be used t o  model t h e  f r a c t u r e  o f  
b r i t t l e  m a t e r i a l s  such as i c e .  
I n  o r d e r  t o  model t h e  beam bend t e s t  specimen desc r ibed  above, t h e  
t e n s i o n  s t r e n g t h  o f  i c e  had t o  be s p e c i f i e d .  
was chosen and based on t h e  work o f  Glen [3]. The f i n i t e  element model 
developed o f  t h e  aluminum beam-ice composite i s  shown on F igu re  2.7. There was 
a grea t  deal o f  d i f f i c u l t y  i n  o b t a i n i n g  convergence o f  t h e  f r a c t u r e  mode. Load 
s teps  were reduced from 27.6 x l o 2  t o  62 N/m2 (0.4 l b s  t o  0.0089 l b s )  b e f o r e  
p r e d i c t i o n  o f  f r a c t u r e  of t h e  elements s t a b i  1 i zed. The model p r e d i  c t e d  t h e  
i n t e r v a l  o f  c r a c k i n g  approx imate ly  1.3 cm (0.5") a long  t h e  l e n g t h  o f  t h e  beam 
which agrees reasonably we1 1 w i t h  observed f r a c t u r e .  
A va lue  o f  690 x 103N/m2 (100 p s i )  
6.0 Comparison o f  Resu l t s  w i t h  Other I n v e s t i g a t o r s  
Adhesive shear s t r e n g t h  o f  impact i c e  ob ta ined  by L a f o r t e  e t  a1 (3 -5 )  was 
58 p s i  a t  51 mph w i t h  a s u r f a c e  roughnesn of 750 pin.  The mean va lue ob ta ined  
i n  t h i s  s tudy was 51 p s i  (F igu re  1 4 ) .  Furthermore, adhesive s t r e n g t h  by 
L e f o r t e  i nc reased  w i t h  wind v e l o c i t y  w i t h  a v a r i a t i o n  f rom 9 mph t o  51 mph. 
I n  t h i s  s tudy,  t h e  v e l o c i t y  was va r ied  from 50 t o  200 mph; a s i m i l a r  t r e n d  was 
observed; t h e  shear s t r e n g t h  increased w i t h  wind v e l o c i t y .  It was a l s o  found 
t h a t  adhesion i nc reased  w i t h  wind v e l o c i t y  as w e l l  as w i t h  t h e  mass of t h e  
drop. 
v e l o c i t y  data ob ta ined  i n  t h i s  i n v e s t i g a t i o n .  
There are no da ta  i n  t h e  known l i t e r a t u r e  t o  compare w i t h  t h e  h i g h  
Values o f  adhesive shear s t reng th  reached about 250 p s i  i n  a r t i f i c i a l  
i c e .  Higher  values were u s u a l l y  obta ined i n  t e s t s  descr ibed i n  t h e  l i t e r a t u r e  
i n  which s t r e s s  c o n c e n t r a t i o n s  are kept a t  a minimum. Peak values of 
app rox ima te l y  110 p s i  were obta ined i n  t h i s  study. When t h e  e f f e c t s  of s t r e s s  
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c o n c e n t r a t i o n  are considered, these r e s u l t s  seem reasonable.  
The e f f e c t  o f  s u r f a c e  roughness on t h e  adhesive shear s t r e n g t h  i s  q u i t e  
s i g n i f i c a n t  i n  t h i s  s tudy as w e l l  as t h e  l i t e r a t u r e .  Many s t u d i e s  i n  t h e  open 
l i t e r a t u r e  do not q u a n t i f y  t h i s  e f f e c t .  Ad 
roughness a r e  needed. 
7.0 Conclusions 
Data from two t e s t  apparatus, an adhes 
i t i o n a l  c o n t r o l l e d  s t u d i e s  on 
ve shear t e s t  r i g  and a peel  t e s t  
r i g ,  were obta ined i n  t h e  I c i n g  Research Tunnel a t  t h e  NASA Lewis Research 
Center.  
T h i s  s e r i e s  o f  t e s t s  have p r o v i d e d  some a d d i t i o n a l  da ta  on t h e  mechanical 
p r o p e r t i e s  of r ime and g laze  impact i c e  under c o n t r o l e d  c o n d i t i o n s .  R e s u l t s  
a r e  i n  genera l  agreement w i t h  those o f  o t h e r  i n v e s t i g a t o r s .  
The maximum adhesive shear s t r e n g t h  between impact i c e  and smooth metal  
o r  neoprene surfaces can reach 120 p s i .  T y p i c a l  values vary between 40 p s i  
and 80 p s i .  The adhesive shear s t r e n g t h  increases s l i g h t l y  w i t h  wind v e l o c i t y  
and drop s i z e .  A c o r r e l a t i o n  w i t h  d r o p l e t  momentum was developed. 
The adhesive shear s t r e n g t h  i s  no t  d f f e c t e d  by i n t e r f a c e  s u r f a c e  
temperature a t  temperatures below 25OF. Retween 25OF and t h e  m e l t i n g  p o i n t  
t h e r e  i s  a l i n e a r  drop i n  adhesive shear s t r e n g t h .  
Many aluminum and s t e e l  specimens were t e s t e d .  The shear s t r e n g t h  d i d  
n o t  vary w i t h  e i t h e r  o f  these metal  su r faces .  A few neoprene specimens were 
a l s o  t e s t e d .  
t h a t  t h e  adhesive shear s t r e n g t h  o f  impact i c e s  w i t h  neoprene i s  s i m i l a r  t o  
t h a t  o f  t h e  t e s t e d  metal sur faces.  
Values o f  these data which a re  p resen ted  i n  Appendix A i n d i c a t e  
R e s u l t s  o f  pa ramet r i c  s t u d i e s  a l s o  showed t h a t  t h e  adhesive shear 
s t r e n g t h  was not a f f e c t e d  by i c e  th i ckness ,  c l o u d  on-c loud o f f  c o n d i t i o n s ,  
t h e  m a t e r i a l  s u b s t r a t e  (aluminum o r  304 S S )  r o t a t i o n  o r  n o n r o t a t i o n  of t h e  
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shear specimen o r  t h e  s l o p e  of t h e  window o f  t h e  shear t e s t  specimen. 
Adhesive shear s t r e n g t h  r e s u l t s  showed s i g n i f i c a n t  s c a t t e r .  I c e  s t r e n g t h  
measurements o f  o t h e r  i n v e s t i g a t o r s  a l s o  had s i m i l a r  s c a t t e r .  F r a c t u r e  
c h a r a c t e r i s i t c s  o f  most m a t e r i a l  shows s c a t t e r ;  b u t  t h e  s c a t t e r  f o r  i c e  i s  much 
g r e a t e r .  
f u l l y  determined b i l t  i t  c l e a r l y  i s  impor tan t  f o r  d e i c e r s  and f o r  i c e  shape 
de te rm ina t ions .  
The consequences of t h e  l a r g e  i n h e r e n t  s c a t t e r  have n o t  y e t  been 
S t r e s s  c o n c e n t r a t i o n  e f f e c t s  o f  4.3 and 5.9 were c a l c u l a t e d  u s i n g  f i n i t e  
element analyses f o r  t h e  square and r e c t a n g u l a r  windows, r e s p e c t i v e l y .  Th is  
e f f e c t  has p robab ly  reduced t h e  measured adhesive shear s t r e n g t h  by a f a c t o r  o f  
about 2. S t ress  c o n c e n t r a t i o n s  of t h i s  type w i l l  occur  w i t h  any shear t e s t i n g .  
D e i c i n g  systems a l s o  t a k e  advantage of s t r e s s  c o n c e n t r a t i o n s  t o  e f f i c i e n t l y  
debond t h e  i ce .  
The peel  s t r e n g t h  of i c e  between e i t h e r  metal  o r  neoprene sur faces i s  
ex t reme ly  l o w  and v a r i e s  between 1 and 5 pounds/inch, a t  h i g h e r  than  normal 
pee l  angles.  
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APPENDIX 
DATA LISTING 
The following computer output is a comprehensive listing of 
data obtained in all experiments performed inside the NASA Icing 
Research Tunnel (IRT) facility . 
in this report are based on these data. 
Stat istical averages presented 
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Codes u s e d :  
JO----- TUNNEL JOB NUMBER 
RN----- RUN NUMBER 
SN----- SPEC IMEN NUMBER 
WG----- WINDOW GEOMETRY 
wc----- WATER CONTENT (GRAMS PER CUBIC METER) 
us----- WIND SPEED (MILES PER HOUR) 
IT----- ICE THICKNESS (INCHES) 
ST----- SPRAY TIME (MINUTES) 
DS----- DROP SIZE(MICR0NS) 
oc----- OSCILLOSOPE CALIBRATION (POUNDS FORCE PER DIVISION) 
OR----- OSCILLOSOPE READING (DIVISION) 
TAU---- SHEAR STRESS (POUNDS PER SQUARE INCH) 
TT----- THEMOCOUPLE TEMPERATURE (DEGRESS FAHRENHEIT) 
(4F----- ADDITIONAL INFORMATION 
CM----- CYLINDER MATERIAL (NlNEOPRENEi M: METAL; P: PLASTIC (ISFG) 1 
TOTAL TUNNEL TEMPERATURE (DEGRESS FAHRENHEIT) T ----- 
CF-- CLOUD OFF TEST 
CN-- CLOUD ON TEST 
T -- CYLINDER MARKED ON TOP 
S -- CYLINDER MARKED ON SIDE 
R -- ROTATED SPECIMENS 
N -- NON-ROTATED SPECIMENS 
RR-- ROTATED SPECIMENS, STATE OF ICE: RIME 
RG-- ROTATED SPECIMENS, STATE OF ICE: GLAZE 
NR-- NON-ROTATED SPECIMENStSTATE OF 1CE:RIME 
NG-- NON-ROTATED SPECIMENS, STATE OF ICE: GLAZE 
N*-- NON-ROTATED SPECIMENStSTATE OF ICE:SIDES-RIME,CENTER-. 
-GLAZE 
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JO R N  SN CM WG 
JO RN SN 
6378 1 1 
6378 1 2 
6378 1 3 
6378 1 4 
6379 1 1 
6379 1 2 
6379 1 3 
6379 1 4 
6379 1 5 
6379 2 1 
6379 2 2 
6379 2 3 
6379 4 1 
6379 4 2 
6379 4 3 
6379 4 4 
6379 4 5 
6379 5 2 
6379 5 3 
6379 5 4 
6379 7 1 
6379 7 2 
6379 7 3 
6379 8 1 
6379 8 2 
6379 8 4 
6379 8 5 
6380 4 1 
6380 4 2 
6380 4 3 
6380 4 4 
6380 6 1 
6380 6 2 
6380 6 3 
6380 6 4 
6380 6 5 
6380 7 6 
a380 7 8 
6380 7 9 
6380 7 10 
6380 8 1 
6380 8 2 
6380 8 3 
6380 8 4 
CM 
A L  
A L  
A L  
A L  
ss 
ss 
ss 
ss 
ss 
A L  
A L  
A L  
A L  
A L  
A L  
A L  
A L  
ss 
ss 
ss 
ss 
ss 
ss 
A L  
A L  
A L  
A L  
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
A L  
A L  
A L  
A L  
WG 
RE 
RE 
RE 
RE 
RE 
R E  
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
R E  
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
wc ws 
wc WS 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
T 
T 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
1 B. 
18. 
18. 
18. 
18. 
-5. 
-5. 
-5. 
-5. 
-5. 
-5. 
-5. 
-5. 
-5. 
-5. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
IT 
IT 
.2!300 
.2500 
.2500 
.2300 
.3750 
.3750 
.3750 
.3750 
.3750 
. 5000 
. 5000 
. 5000 
.3750 
. 3750 
.3750 
.3750 
.3750 
. 3750 
. 3750 
.3750 
. 7500 
. 7500 
. 7500 
. 7500 
. 7500 
. 7500 
. 7500 
.3750 
. 3750 
.3750 
.3750 
.3750 
.3750 
.3750 
.3750 
.3750 
. 5000 
. 5000 
. 5000 
. 5000 
. 5000 
. 5000 
. 5000 
. 5000 
ST DS 
ST DS 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
12. 20. 
12. 20. 
12. 20. 
12. 20. 
12. 20. 
16. 20. 
16. 20. 
16. 20. 
12. 20. 
12. 20. 
12. 20. 
12. 20. 
12. 20. 
12. 20. 
12. 20. 
12. 20. 
10. 30 
10. 30. 
10. 30. 
10. 30. 
10. 30. 
10. 30. 
10. 30. 
6. 30. 
6. 30. 
6. 30. 
6. 30. 
6. 30. 
6. 30. 
6. 30. 
6. 30. 
6. 30. 
6. 30. 
6. 30. 
6. 30. 
6. 30. 
6. 30. 
6. 30. 
6. 30. 
6. 30. 
CIC OR TAU A F  
c)C OR TAU A F  
2. 5 14. 0 25. 5 R 
2. 5 19. 0 34. 6 R 
2. 5 16. 5 30. 0 R 
2. 5 14. 0 25. 5 R 
2. 5 13. 5 24. 6 R 
2. 5 14. 5 26. 4 R 
2. 5 16. 0 29. 1 R 
2. 5 22. 0 40. 0 R 
2. 5 13. 0 23. 6 R 
2. 5 15. 5 28. 2 R 
2. 5 14. 0 25. 5 R 
2. 5 23. 5 42. 7 R 
5. 0 7. 0 25. 5 R 
5. 0 4.  0 14. 6 R 
5. 0 7. 5 27. 3 R 
5. 0 6. 3 22. 9 R 
5. 0 7. 0 25. 5 R 
5. 0 7. 5 27. 3 R 
5 .  0 11 .  0 40. 0 R 
5. 0 8. 5 30. 9 R 
10. 0 6. 5 47. 3 R 
10.0 7 3 53. 1 R 
10. 0 5. 0 36. 4 R 
10. 0 5. 0 36. 4 R 
10. 0 7. 0 50. 9 R 
10. 0 5.  3 38. 6 R 
10. 0 7. 5 54. 6 R 
10.0 1 7 . 0  123.7 R 
10.0 16. 5 120. 0 R 
10.0 19.0 138.2 R 
10.0 18.0 131.0 R 
10.0 14.5 105.5 R 
10.0 11.5 83.7 R 
10.0 21.0 152.8 R 
10.0 16. 5 120.0 R 
10. 0 16. 0 116. 4 R 
10.0 1 1 . 0  80.0 R 
10. 0 8. 0 58. 2 R 
10. 0 8. 5 61. 8 R 
10.0 11.0 80.0 R 
10.0 11.0 80.0 R 
10.0 11.2 81.5 R 
10.0 17.0 123.7 R 
10.0 13.5 98 2 R 
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JQ RN SN CM WG WC ws T I T  ST DS OC OR TAU A F  
638 1 
638 1 
638 1 
6381 
638 1 
6381 
6381 
638 1 
638 1 
6381 
6381 
6381 
638 1 
638 1 
638 1 
638 1 
6381 
638 1 
6381 
4382 
6382 
6382 
6382 
6382 
6382 
6382 
6382 
4382 
6382 
6382 
6382 
6383 
6383 
6383 
6383 
6383 
6383 
6383 
6383 
6383 
4383 
6383 
6383 
6383 
6383 
. 
4 1  
4 2  
4 3  
4 4  
4 5  
5 1  
5 2  
5 3  
5 4  
6 1  
6 2  
6 3  
6 4  
6 5  
7 6  
7 7  
7 8  
8 1  
8 2  
1 1  
2 1  
3 4  
4 1  
5 7  
5 8  
5 10 
6 1  
6 2  
7 2  
7 3  
7 4  
4 1  
4 2  
4 3  
4 4  
4 5  
5 4  
5 7  
5 8  
5 10 
6 1  
6 2  
6 4  
6 5  
7 6  
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
A L  
AL 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
ss 
8s 
ss 
ss 
ss 
ss 
ss 
ss 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
SQ 
SQ 
SQ 
RE 
RE 
SG 
RE 
RE 
SQ 
RE 
RE 
RE 
RE 
RE 
SQ 
SQ 
SQ 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
2. 22 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 130. 
1. 30 170. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
-5. 
-5. 
-5. 
-5. 
-5. 
-5. 
-5. 
-5. 
0. 
0 .  
0. 
0. 
0. 
0. 
0. 
0. 
0.  
0. 
0. 
0. 
0. 
0. 
.2500 
.2500 
,2500 
.2500 
.2500 
. 2500 
.2500 
.2500 
. 2500 
.2500 
. 2500 
.2500 
. 2500 
.2500 
.2500 
.2500 
.2500 
.2500 
. 2500 
. 5000 
. 5000 
. 5000 
. 5000 
.3125 
.3125 
.3125 
.3125 
.3125 
.3125 
.3125 
.3125 
. 2500 
.2500 
.2500 
.2500 
.2500 
.2500 
.2500 
.2500 
. 2500 
. 2500 
.2500 
.2500 
.2500 
.3125 
2. 30. 
2. 30. 
2. 30. 
2. 30. 
2. 30. 
2. 30. 
2. 30. 
2. 30. 
2. 30. 
4. 30. 
4. 30. 
4. 30. 
4. 30. 
4. 30. 
4. 30. 
4. 30. 
4. 30. 
4. 30. 
4. 30. 
8. 30. 
5 .  30. 
5.  30. 
5. 30. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8.  20. 
10.0 
10. 0 
10. 0 
10.0 
10. 0 
10.0 
10.0 
10.0 
10.0 
10.0 
10. 0 
10.0 
10.0 
to. 0 
10. 0 
10.0 
10.0 
to .  0 
10. 0 
10. 0 
10. 0 
10.0 
10. 0 
10. 0 
10. 0 
10.0 
5. 0 
5. 0 
5. 0 
5.0 
5. 0 
5. 0 
5. 0 
5. 0 
5.0 
5. 0 
5. 0 
5. 0 
5.  0 
5. 0 
5. 0 
5. 0 
9. 0 
5. 0 
5 .  0 
11.2 81.5 N 
8. 0 58. 2 N 
9.0 65. 5 N 
10 .5  76.4 N 
9. 5 69. 1 N 
10.0 72.8 N 
11.0 80.0 N 
11.6 84.4 N 
10.0 72.8 N 
10.0 72.8 T 
7. 0 50. 9 T 
9.8 71. 3 T 
6. 0 43. 7 T 
7. 0 50. 9 T 
6. 7 64. 0 S 
10.0 95.5 s 
7.2 68.8 S 
18.0 131.0 T 
17.5 127.3 T 
6.7 64.0 CF 
8. 0 58. 2 CN 
8.8 64.0 CF 
7.0 66.8 CN 
5 . 0  36. 4 s 
4. 5 32. 7 S 
5. 0 36. 4 S 
7. 5 27. 3 T 
8. 0 29. 1 T 
26. 0 124. 1 S 
26.5 126.5 s 
25.5 121.8 S 
8. 3 30. 2 T 
9. 5 34. 6 T 
5'. 0 32. 7 T 
9. 0 32. 7 T 
7. 0 25. 5 T 
8.  5 30. 9 S 
7. 5 27. 3 S 
8. 0 29. 1 S 
10.0 36.4 S 
7. 8 28. 4 T 
8. 0 29. 1 T 
11. 5 41.8 T 
10.0 36. 4 T 
1 8 . 0  6 5 .  5 S 
53 
,J!3 R N  SN CM WG 
6383 7 7 ss 
h383 7 8 SS 
6383 7 9 ss 
6383 7 10 SS 
6383 10 1 SS 
6383 10 2 SS 
6383 10 3 SS 
6383 10 4 SS 
6383 10 5 SS 
6383 11 7 SS 
6383 1 1  8 SS 
6383 11 9 SS 
6383 11 10 SS 
6383 12 1 SS 
6383 12 2 SS 
6383 12 3 SS 
6383 1 2  4 SS 
6383 12 5 SS 
JO RN SN CM 
6384 1 1 SS 
6384 1 2 SS 
6354 1 3 SS 
6384 1 4 SS 
6384 1 5 SS 
6384 2 1 SS 
6384 2 2 SS 
6384 2 3 SS 
6384 2 4 SS 
6384 3 1 SS 
6384 3 2 SS 
6384 3 3 SS 
6384 3 4 ss 
6384 3 5 SS 
6384 4 1 SS 
6384 4 2 SS 
6384 4 4 SS 
6384 6 3 SS 
6384 6 4 SS 
6384 6 5 SS 
4384 7 1 SS 
6354 7 2 SS 
6384 7 3 SS 
6384 7 4 ss 
6384 8 1 SS 
6384 8 2 SS 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
WG 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
wc ws 
1. 30 170. 
1. 30 170. 
1. 30 170. 
1. 30 170. 
1. 30 170. 
1. 30 170. 
1. 30 170. 
1. 30 170. 
1. 30 178. 
1. 30 170. 
1. 30 170. 
1. 30 170. 
1. 30 170. 
1. 30 100. 
1. 30 100. 
1. 30 100. 
1. 30 100. 
1. 30 100. 
wc ws 
1. 7 100. 
1. 7 100. 
1. 7 100. 
1. 7 100. 
I .  7 100. 
1. 7 100. 
1. 7 100. 
1. 7 100. 
1. 7 100. 
1. 7 150. 
1. 7 150. 
1. 7 150. 
1.7 150. 
1. 7 150. 
1. 7 150. 
1. 7 150. 
1. 7 150. 
1. 7 200. 
1 . 7  200. 
I .  7 200. 
1. 7 100. 
1. 7 150. 
1 .7  100. 
1. 7 100. 
1 . 7  150. 
1 .7  150. 
T 
0. 
0. 
0. 
0. 
3. 
3. 
3. 
3. 
3. 
0. 
0. 
0. 
0. 
-1. 
-1. 
-1. 
-1, 
-1. 
T 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
0. 
0. 
0. 
0. 
0. 
0. 
IT 
,312 
, 3 1 2 5  
. 3125 
.3125 
. 5000 
. 5000 
.so00  
. 5000 
. 5000 
. 5000 
. 5000 
. 5000 
. 5000 
. 3125 
.3125 
.3125 
.3123 
.3125 
I T  
ST DS 
8. 20. 
8 .  20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
8. 20. 
ST DS 
OC OR 
5. 0 
5 . 0  
5. 0 
5. 0 
5. 0 
5 .  0 
5 .  0 
5 .  0 
5 .  0 
10. 0 
10. 0 
10. 0 
10.0 
10. 0 
10.0 
10. 0 
10. 0 
10. 0 
OR 
. 3750 13. 4 26. 6 3. 55 
.3750 13.4 26.4 5 . 0  
. 3750 13. 6 26. 6 1. 4 
.3750 13.6 26.6 1. 4 
.3750 13. 6 26. 6 1. 4 
.2500 8. 
.2300 8. 
.2500 8. 
. 2 5 0 0  8. 
.2500 8. 
.2500 8. 
.2500 8. 
.2500 8.  
.2500 8. 
.2500 8. 
.2500 8. 
.2500 8. 
.3750 4. 
.3750 4. 
.3750 4. 
.3750 4. 
.3750 4. 
.37!50 4. 
.3750 4. 
.3750 4. 
.3750 4. 
24 4 4.0 
26.6 5 . 0  
26. 6 4. 4 
24. 6 4. 9 
24. 6 5. 4 
24. 4 2. 5 
24. 4 4. 4 
26. 4 4. 0 
24. 6 4. 2 
24. 6 6. 7 
26. 4 6.0 
24. 4 4. 4 
24. 4 4. 7 
26. 4 6. 2 
24. 4 6. 7 
26. 6 4. 4 
24. 4 5. 5 
24. 4 6. 5 
24. 6 5 .  85 
24. 6 4. 4 
26. 6 C,. 2 
TAU A F  
13. 49. 1 S 
13.8 50.2 S 
11.5 4 1 . 8  S 
13.5 45’. 1 S 
20.5 74.6 T 
17.2 42.6 T 
16.0 58.2 T 
14.2 51.7 T 
25.0 90.9 T 
5.  3 38. 6 S 
9 .3  457. 7 s 
7. 0 50. 9 S 
7. 5 54.6 s 
2. 5 18. 2 T 
3. 5 25. 5 T 
3. 0 21. 8 T 
3. 0 36. 4 T 
3. 3 24. 0 T 
OR TAU A F  
70. 51. 
116. 85 
35. 25. 
35. 25. 
35. 25. 
88. 69. 
99. 72. 
91. 66. 
97. 70. 
107. 78. 
49. 34. 
124. 92. 
79. 57. 
122. 89. 
132. 94. 
118. 86. 
91. 40. 
132. 94. 
122. 89. 
132. 94. 
91. 41. 
109. 79. 
128. 93. 
115. 84. 
124. 92. 
122. 89. 
5 4  
Ji3 RN SN CM WG WC WS T 
, 
6384 8 4 SS 
6384 8 5 SS 
6384 9 1 SS 
6,384 4 2 SS 
6384 9 3 ss 
6384 9 4 SS 
6384 9 5 SS 
6384 10 1 SS 
6384 10 3 SS 
6384 10 4 SS 
6384 10 5 SS 
JO R N  SN CM 
6385 2 2 AL 
6385 2 3 AL 
6385 2 4 AL 
6385 2 5 AL 
6385 3 2 304 
6383 4 2 304 
6385 4 3 304 
6385 4 4 304 
6386 1 1 SS 
4386 1 2 SS 
6386 1 4 SS 
6386 2 1 AL 
6386 2 2 AL 
4386 2 3 AL 
638& 2 4 AL 
6386 2 5 AL 
6386 3 3 SS 
6386 3 4 SS 
6386 3 5 SS 
6386 4 1 AL 
6386 4 2 AL 
6386 4 4 AL 
6386 5 1 AL 
6386 5 2 AL 
6386 5 3 A t  
6386 5 4 AL 
6386 7 1 N 
6386 7 2 N 
6386 7 3 P 
6386 7 5 M 
6386 10 1 AL 
6386 10 2 AL 
6386 10 3 A L  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
WG 
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
R E  
S 
S 
S 
S 
R E  
R E  
R E  
1. 7 150. 
1. 7 150. 
1. 7 200. 
1. 7 200. 
1.7 200. 
1. 7 200. 
1. 7 200. 
1. 7 200. 
1. 7 200. 
1.7 200. 
1. 7 200. 
wc ws 
1. 31 130. 
1. 31 130. 
1. 31 130. 
1. 31 130. 
I .  31 130. 
1. 31 130. 
1. 31 130. 
1. 31 130. 
1. 31 130. 
1. 31 130. 
1. 31 130. 
1. 31 130. 
1. 31 130. 
1. 31 130. 
1. 31 130. 
1. 31 130. 
1. 31 130. 
I .  31 130. 
1. 31 130. 
1. 31 130. 
1. 31 130. 
1. 31 130. 
I .  31 130. 
1. 31 130. 
1. 31 130. 
1. 31 130. 
1. 31 130. 
1. 31 130. 
1. 31 130. 
1. 31 130. 
1. 00 170. 
1. 00 170. 
1. 00 170. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
T 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
13. 
13. 
13. 
I T  ST DS OC OR TAU A F  
.3750 4. 
,3750 4. 
.3750 4. 
.3750 4. 
.3750 4. 
.3750 4. 
.3750 4. 
.3750 4. 
.3750 4. 
.3750 4. 
,3750 4. 
IT S T  
.2500 8 .  
,2500 8 .  
.2500 8. 
. 2500 8. 
.2500 8. 
,2500 8. 
.2500 8. 
.2500 8. 
.3125 10. 
.3125 10. 
.3125 10. 
,3125 10. 
.3125 10. 
.3125 10. 
,3125 10. 
.3125 1cI. 
.3125 10. 
.3125 10. 
.3125 10. 
.3125 10. 
.3125 10. 
.3125 10. 
.3125 10. 
.3125 10. 
.3125 10. 
.3125 10. 
.3125 12. 
.3125 12. 
,3125 12. 
.3125 12. 
.3125 12. 
.3125 12. 
.3125 12. 
26. 6 6. 8 134. 
26. 6 6. 8 134. 
26.6 6. 4 136 
26. 6 6. 9 136. 
26.6 6.6 130. 
26.6 6. 7 132. 
26. 6 6. 7 132. 
26.6 7.0 138. 
2b. 6 cj. 0 118. 
26. 6 6. 5 120. 
26. 6 6. 6 130. 
I>S OR 13R 
20.0 3. 4 67. 
20.0 0. 5 10. 
20.0 4. 7 93 
20.0 2.9 57. 
20.0 2. 7 53. 
20. 0 1. 0 20. 
20.0 0 0 0. 
20. 0 23. 4s. 
19.7 1.9 38. 
19. 7 1. 6 32. 
19. 7 1. 7 33 
19.7 0.9 18. 
19. 7 1. 5 30. 
19. 7 2. 0 39. 
19.7 1. 6 32. 
19. 7 1. 6 32. 
19. 7 4. 2 83. 
19. 7 2. 5 49. 
19. 7 2. 7 53. 
19. 7 1. 0 20. 
19. 7 2. 8 35. 
19. 7 2. 9 57. 
19.7 1. 5 30. 
14. 7 2.0 39'. 
19. 7 1.  7 34. 
19. 7 2. 1 41. 
19. 7 2. 5 49. 
19. 7 3.  2 63. 
19. 7 4. 6 91. 
19. 7 3. 3 65. 
19. 7 2. 0 39. 
19. 7 2. 0 39. 
19. 7 1. 85 37. 
98. 
98. 
99. 
99. 
95 .  
96. 
94. 
101. 
06. 
93. 
95. 
TAW 
49. 
7. 1 
67. 
42. 
39. 
14. 
0. 
33. 
27. 
23. 
24. 
13. 
22. 
29. 
23 
23. 
60. 
36. 
39. 
14. 
40. 
45. 
22. 
29. 
24. 
30. 
47. 
60. 
87. 
62. 
29. 
29. 
27. 
TT 
25. 
31. 
25. 
26. 
22. 
28. 
40. 
28. 
28 
28. 
30 
30. 
30. 
30. 
30. 
26. 
26. 
26 
28. 
26 
28 
26. 
20. 
28. 
28 
12 
12. 
12 
12. 
12. 
12. 
12. 
28. 
5 5  
JC) RN SN C M  WG 
6386 10 4 
6386 10 5 
JO RN S N  
6387 1 1 
6387 1 2 
6387 1 3 
6387 1 4 
6387 2 1 
6387 2 2 
8387 2 3 
6387 2 4 
6387 2 5 
6387 3 1 
6387 3 2 
6387 3 3 
6387 3 4 
6387 3 5 
6387 4 2 
6387 4 5 
6387 5 2 
6387 5 5 
6387 6 1 
6387 6 2 
6387 6 4 
6387 6 5 
6387 7 1 
6387 7 2 
6387 7 5 
6387 9 1 
6387 9 2 
6387 9 3 
6387 10 1 
6388 1 1 
6388 1 2 
6388 1 3 
6388 1 4 
6388 1 5 
6388 2 1 
6388 2 2 
6388 2 3 
6388 2 4 
6388 2 5 
6388 4 3 
6388 4 4 
a387 5 4 
A t  
A L  
C M  
ss 
ss 
ss 
ss 
A L  
A L  
A L  
A L  
A L  
A L  
A L  
A L  
A L  
A L  
ss 
ss 
A L  
A L  
A t  
ss 
ss 
ss 
ss 
A L  
A L  
A L  
A L  
A L  
A L  
ss 
ss 
ss 
ss 
ss 
ss 
A L  
A L  
A L  
A L  
A L  
A L  
A L  
RE 
RE 
WG 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
RE 
wc ws 
1. 00 170. 
1. 00 170. 
wc ws 
3. 55 50. 
3. 55 50. 
3. 55 50. 
3. 55 50. 
2. 30 50.  
2. 30 50. 
2. 30 50. 
2. 30 50. 
2. 30 50. 
1. 77 100. 
1. 77 100. 
1. 77 100. 
1. 77 100. 
1. 77 100. 
1. 15 100. 
1. 15 100. 
0. 89 200. 
0. 89 200. 
0. 89 200. 
0. 58 200. 
0. 58 200. 
0. 58 200. 
0. 58 200. 
3. 55 50. 
3. 55 50. 
3. 55 50. 
1. 1s 100. 
1. 15 100. 
1. 15 100. 
0. 89 200. 
100. 
100. 
100. 
100. 
100. 
100. 
100. 
100. 
100. 
100. 
200. 
200. 
T 
13. 
13. 
T 
18. 
18. 
18. 
18. 
18. 
18. 
1%. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
18. 
-8. 
-8. 
-8. 
-8. 
-6. 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
-9. 
-9. 
I T  ST 
,3125 12. 
.3125 12. 
IT ST 
. 1250 8. 
. 1250 8. 
. 1250 8. 
. l2SO 8. 
.3750 12. 
.3750 12. 
.3750 12. 
.3750 12. 
.3750 12. 
.6250 8. 
.6250 8. 
,6290 8. 
.6250 8. 
. 6 2 S O  8. 
. 5000 8. 
. 5000 8. 
. 5000 8. 
. 5000 8. 
. 5000 8 
.3750 8. 
.3750 8. 
.3750 8. 
.3750 8. 
. 5000 8. 
. 5000 8. 
. S O 0 0  8. 
.4375 10. 
.4375 10. 
.4375 10. 
.4375 10. 
.3750 6 
,3750 6 
,3750 6. 
.3750 6. 
,3750 6. 
.3125 11.  
.3125 11 .  
,3125 11.  
.3125 11 .  
.3125 11.  
.3125 4. 
.3125 6. 
56 
DS OC 
19.7 4. 1 
1.9. 7 1. 8 
DS OR 
20.0 
20. Q 
20.0 
20.0 
15. 0 
13.0 
15. G 
15. 0 
15.0 
20. 0 
20.0 
20. 0 
20.0 
20. 0 
1s. 0 
15. C) 
20. 0 
20. 0 
20. c! 
1s. 0 
15. 0 
15. 0 
15.0 
20.0 
ail. 0 
20. 0 
20. 0 
20.0 
20. 0 
20. 0 
27. 3 
27. 3 
27. 3 
27. 3 
27. 3 
20.0 
20. 0 
20. 0 
20. 0 
20. 0 
27. 3 
27. 3 
OR TAU A F  
81. 59. 12. 
36, 26. 12 4 
FOR ACIF A F  
70. 51. RG 
84 61. RG 
80. 58. RG 
90. 66. RG 
44. 61. NR 
55. 40. NR 
55. 40. NR 
60. 43. NR 
70. 51. NR 
73. 53. N 
53. 38. N 
71. 53. N 
71. 52. N 
38. 42. N 
96. 70. N 
92. 67. N 
85 61. NG 
lib. 84. NG 
99. 72. NG 
92. 67. N* 
75. 55. N+ 
78. 57. Nit 
90. 65. t4* 
76. 55. NR 
38. 28. NR 
63. 46. NR 
50. 36. R R  
50. 36. R R  
70. 51. R R  
47. 34. R R  
76. 5 6 .  H 
119. 87. R 
96. 70. R 
100. 73. R 
133. 97. R 
53. 38. HR I 
44. 32. RR 
51. 37. R R  
63. 46. RR 
53. 38. RR  
89. 44. R R  
65 78 RR  
JO RN SN CM WG WC ws T IT ST L E  UC OR TAU AF- 
6388 5 2 
> 6388 5 3 
6388 5 4 
6388 5 5 
6388 6 1 
6388 6 2 
6388 6 5 
JO RN S N  
6389 1 1 
6389 1 2 
6389 1 3 
6389 1 4 
4389 1 5 
6389 2 1 
6389 2 2 
6389 2 3 
6389 2 4 
6389 2 5 
6389 3 1 
6384 3 2 
6389 4 1 
6389 4 2 
6389 4 3 
6389 4 4 
6389 6 2 
6389 6 3 
6384 6 5 
ss 
ss 
ss 
ss 
A L  
A L  
A L  
CM 
ss 
ss 
ss 
ss 
ss 
A L  
A L  
A L  
A L  
ss 
ss 
A L  
A L  
A L  
A L  
A L  
A L  
A L  
a t  
RE 
RE 
RE 
RE 
RE 
RE 
RE 
WG wc 
RE 2.61 
RE 2.61 
RE 2.61 
RE 2.61 
RE 2.61 
RE 2.61 
RE 2.61 
RE 2.61 
RE 2.61 
RE 2.61 
RE 1.77 
RE I. 77 
RE 1. 77 
RE 1. 77 
RE 1. 77 
RE 1. 77 
RE 1. 77 
RE 1. 77 
RE 1.77 
200. 
200. 
200. 
200. 
200. 
200. 
200. 
ws 
100. 
100. 
100. 
100. 
100. 
100. 
100. 
100. 
100. 
100. 
100. 
100. 
100. 
100. 
100. 
100. 
100. 
100. 
100. 
-8. 
-8. 
-8. 
-8. 
-9. 
-9. 
-9 a 
T 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
-8. 
.2500 11. 
. 2500 11. 
. 2500 11. 
. 2500 11. 
.2813 15. 
.2813 15. 
.2813 15. 
I T  ST 
.3750 6. 
.3750 6. 
-3750 6. 
.3750 6. 
.3750 6. 
.2SOO 6. 
. 2500 4. 
. 2500 6. 
. 2 S 0 0  6. 
.2500 &. 
. 2500 11. 
. 2500 11. 
. 6250 7. 
.6250 7. 
. 6250 7. 
.6250 7. 
.6250 7. 
.6250 7. 
,6250 7. 
20. 0 
20.0 
20.0 
20. 0 
1s. 0 
1s. 0 
15. 0 
DS OR 
27. 
27. 
27. 
27. 
27, 
27. 
27. 
27. 
27. 
27. 
20. 
20. 
20. 
20. 
20. 
20. 
20. 
20. 
20. 
57.  41. 
55. 40. 
46. 34. 
53. 38. 
30. 21. 
54. 39. 
53. 38. 
FOR TAU 
49. 36. 
18. 13. 
21. 15. 
46. 34. 
64. 46. 
25. 18. 
0. 6. 
6. 4. 
2. 1. 
41. 30. 
27. 19. 
18. 13. 
18. 13. 
12. 9. 
10. 7. 
29. 21. 
49. 36. 
16. 12. 
47. 34. 
RR 
RR 
RR 
R R  
R R  
RR 
R R  
TT 
-8. 
30. 
33. 
1. 
1. 
30. 
30. 
31. 
32. 
-3. 
-5.  
-5. 
28. 
28. 
29. 
25. 
25. 
28. 
-8. 
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